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Epigenetic gene silencing involves the formation of an inherited repressive chromatin structure, which is established in a stepwise manner, through initiation, histone modification, DNA methylation, and, in some cases, propagation of the silencing complex along the chromatin fiber. 1 The common theme that has recently emerged from this process is the involvement of RNA components, which could be either long, spliced, polyadenylated structural RNAs or small interfering RNAs (siRNAs) derived from the RNAi machinery. [2] [3] [4] [5] [6] [7] For example, X-chromosome inactivation in mammals requires the structural Xist RNA, while gene silencing within heterochromatic domains of S. pombe and Drosophila requires siRNAs. [2] [3] [4] Furthermore, these RNA components could exert their effects at different steps in the establishment of the repressed chromatin structure. The Xist RNA, for example, is essential at the onset of inactivation, but dispensable during the further maintenance of the inactive state of the X chromosome. 2 In addition to its involvement in the sequencespecific targeting of histone deacetylase and histone H3 methyltransferase, siRNAs are required for the subsequent recruitment of heterochromatin-binding protein (HP1). [4] [5] [6] [7] In mice, RNase treatment leads to the dispersion of HP1 from pericentromeric heterochromatin and a concomitant loss of histone H3 lysine 9 methylation, suggesting that RNA may function in sustaining the structural organization of heterochromatin. 8 The molecular mechanisms by which the chromatin remodeling activity is targeted to a specific sequence have yet to be elucidated. One hypothesis is that it might involve the pairing of RNA and DNA, which in turn provides the mark for further chromatin remodeling.
The epigenetic gene silencing mediated by Polycomb group (PcG) genes also is thought to involve the formation of localized repressive chromatin structures, including deacetylation and methylation of histone tails. 9, 10 PcG genes are best known for their roles in the regulation of the expression boundaries of homeotic class genes, which encode a class of homeodomain-containing transcription factors that specify the positional identities during multicellular development. 11 Of the two distinct complexes formed by the PcG proteins, the ESC-E(Z) complex associates with histone deacetylases and the SET domain of E(Z) possesses H3 specific methyltransferase activity. 12, 13 The other complex, the PRC1 complex, which contains Polycomb (PC), Posterior sex combs (PSC), Polyhomeotic (PH), and RING1, blocks access of the SWI/SNF nucleosome-remodeling factors to the nucleosomal template in vitro. 14 The components of the PRC1 complex are also remarkable for their localization to distinct nuclear bodies, called PcG bodies, although the mechanistic role of PcG bodies in PRC1 function remains an enigma. 15 A role for RNA in PcG-mediated gene silencing is suggested by the link between PcG proteins and some RNA-dependent silencing processes. For example, following the Xist RNA coating, the mammalian xSC-E(Z) complex is recruited to the X chromosome that is to be inactivated and methylates H3 at lysine 9 and lysine 27. 16, 17 Also, transcriptional transgene silencing in Drosophila and silencing of tandem transgenic arrays in C. elegans germ cells require both the PcG complex and components of the RNAi pathway. 18, 19, 20 Yet, these effects still do not point to the direct interaction of RNA and PcG proteins. Thus far, the most convincing line of evidence supporting that RNA may contribute to PcG-mediated gene repression comes from a series of studies of the C. elegans PcG gene sop-2. [21] [22] [23] Unlike the PcG complex in fly and mammals, which contains multiple distinct and redundant components, the C. elegans PcG composition is relatively simple, 21 offering the unique opportunity to explore the role of PcG bodies and RNA components in PcG-mediated gene silencing. The C. elegans PcG gene sop-2 was isolated as its mutation causes anterior to posterior homeotic transformations in the development of a row of epidermal seam cells through the widespread ectopic expression of Hox genes. 21 SOP-2 contains a C-terminal oligomerization domain, the SAM domain, which is also present in the PcG proteins PH and Sex combs on midleg (SCM) in other organisms. Also, similar to the components of the PRC1 PcG complex, SOP-2 is localized to distinct nuclear bodies. It has been shown that the formation of SOP-2 bodies is tightly correlated with the function of SOP-2, for proteins containing the temperature sensitive mutation, SOP-2(bx91), still form nuclear bodies at the permissive temperature, but show homogenous nuclear distribution under nonpermissive conditions. 21 Also, formation of SOP-2 nuclear bodies requires the C-terminal SAM domain, which can be functionally replaced, in terms of the proper nuclear localization of SOP-2 and its function in Hox gene repression, by the ones derived from fly and mammalian PcG proteins, underlining the evolutionary importance of the SAM domain in the function of PcG. 22 Furthermore, the PcG protein SOP-2 was shown to be a RNA-binding protein. 23 The three nonoverlapping RNA-binding regions identified in SOP-2 bind strongly to both single stranded and double stranded RNA. Regions I and III contain repeats of the RGG motif, which is known to bind RNA, 24 while RNA-binding region II is rich in arginine and lysine residues and compositionally similar to the RNA binding region of HP1. 25 The mouse PH homolog Rae28 also binds to RNA strongly, through its FCS finger, suggesting that RNA-binding activity may be an evolutionarily conserved property of PcG proteins. 23 Interestingly, SOP-2 and Rae28 do not display sequence-specific RNA-binding activity in vitro gel shift analysis. However, this might not reflect the RNA-binding activity of SOP-2 under physiological conditions. For example, MSL-3 and MOF, components of the fly dosage compensation complex (DCC), exhibit unspecific RNA-binding activity in vitro. 26 Their physiological targets, however, are roX1 and roX2 RNA, which are present in the DCC (see Table 1 ).
The importance of RNA-binding activity in SOP-2 function is suggested by the failure to rescue the homeotic transformations in sop-2 mutants by the SOP-2 proteins lacking any of the RNA-binding regions. 23 By analogy to its postulated roles in initiating epigenetic silencing in S. pombe and X-chromosome inactivation in mammals, RNA may direct SOP-2 to the appropriate target loci. RNA may also contribute to the nucleation of SOP-2 bodies, as deletion of any of the RNA-binding regions leads to abnormal nuclear localization of SOP-2, with region III specifically being necessary for the formation of these nuclear bodies. Therefore, the common architectural theme of PcG proteins, namely the combination of a C-terminal oligomerization SAM domain and different N-terminal RNA binding domains, supports the importance of RNA in PcG-mediated gene silencing.
However, several important issues remain to be explored. First, what is the nature of RNA in SOP-2-mediated gene silencing? siRNAs or micro RNAs are unlikely to be involved, since none of the mutants with defects in the RNAi pathway showed ectopic expression of Hox genes or homeotic transformations. 23 Possible RNA components for SOP-2 binding may be structural RNAs with roles similar to that of Xist RNA in initiation of X chromosome inactivation. 2 Second, does the Polycomb response element (PRE), which is involved in recruiting the PcG proteins to a specific DNA sequence, serve as a chromatin docking site for the RNA-PcG complex? In male flies, for example, a DNA sequence in the roX2 gene serves as a chromatin entry site for the DCC, although the binding requires the incorporation of roX RNAs into complex. 27 Third, the expression levels of C08C3.2, C08C3.4 and egl-45, genes which are located between or adjacent to Hox genes mab-5 and egl-5, are not altered in sop-2 mutants (Zhang H, Haber D, unpublished). How is the SOP-2 complex prohibited from spreading into flanking sequence? Fourth, the RNA components appear to be crucial to the formation of SOP-2 nuclear bodies. Does the formation of distinct nuclear bodies involve different RNAs? Substitution of the FCS finger of Rae28 for the essential RNA binding region III of SOP-2 partially restores the formation of nuclear bodies, suggesting that the formation of some nuclear bodies may not involve sequence-specific RNA binding. Fifth, in addition to homeotic transformation, mutations in sop-2 cause other defects, such as larval lethality. Is RNA required for the function of SOP-2 in these biological processes as well? Further characterization of the SOP-2-RNA complex will help to www.landesbioscience.com RNA Biology e10
A Unified Mode of Epigenetic Gene Silencing In Drosophila, HP1 localization is dependent on the RNAi machinery, suggesting that siRNAs may be the physiological targets of HP1. RGG, arginine/glycine-rich domain; PAZ, Piwi-Argonaute-Zwille domain; DRBD, double stranded RNA binding domain; basic region, lysine/arginine rich region; ND, not determined.
determine the order of events and hierarchy of epigenetic changes associated with PcG-mediated gene repression and also to provide insight into the biochemical mechanism of RNA components in gene repression.
